As shown by R5 antibody-based sandwich and competitive enzyme-linked immunosorbent assay (ELISA), selected sourdough lactobacilli, in combination with fungal proteases, hydrolyzed gluten (72 h at 37°C) of various cultivars of Triticum turgidum L. var. durum to less than 20 ppm. Complementary electrophoretic, chromatography, and mass spectrometry techniques were used to characterize the gluten and epitope hydrolysis. Nine peptidases were partially purified from the pooled cytoplasmic extract of the sourdough lactobacilli and used to hydrolyze the 33-mer epitope, the most immunogenic peptide generated during digestion of Triticum species. At least three peptidases (general aminopeptidase type N [PepN], X-prolyl dipeptidyl aminopeptidase [PepX], and endopeptidase PepO) were necessary to detoxify the 33-mer without generation of related immunogenic epitopes. After 14 h of incubation, the combination of all or at least six different peptidases totally hydrolyzed the 33-mer (200 mM) into free amino acids. The same results were found for other immunogenic epitopes, such as fragments 57-68 of ␣9-gliadin, 62-75 of A-gliadin, and 134-153 of ␥-gliadin. When peptidases were used for fermentation of durum wheat semolina, they caused the hydrolysis of gluten to ca. 2 ppm. The in vivo digestion was simulated, and proteins/peptides extracted from pepsin-trypsin (PT) digestion of durum wheat semolina fermented with selected sourdough lactobacilli induced the expression of gamma interferon and interleukin 2 at levels comparable to those of the negative control. Durum wheat semolina fermented with sourdough lactobacilli was freeze-dried and used for making Italian-type pasta. The scores for cooking and sensory properties for this pasta were higher that those of conventional gluten-free pasta.
Celiac disease (CD) is an inflammatory disorder of the small intestine that affects genetically predisposed individuals when they ingest gluten from any Triticum species and similar proteins of barley and rye, and their crossbred varieties. Epidemiological studies in Europe and the United States indicate that CD is increasing; the prevalence of CD is approximately 1% of the general population (29) . Pathogenesis of CD involves interactions between genetic, immunological, and environmental/technological factors. Human leukocyte antigen (HLA) DQ2 (or DQ8) molecules of antigen-presenting cells bind and submit gluten peptides to the lamina propria of CD4 ϩ T cells. The latter trigger the T helper 1 (Th1)-based immune response, with the consequent synthesis of gamma interferon (IFN-␥). Among the main dietary proteins, gluten is unique in that it contains ca. 15% proline and 35% glutamine residues (40) . The high concentration of glutamine and, especially, proline prevents the complete degradation by human gastric and pancreatic enzymes and results in the build up of oligopeptides in the small intestine that are resistant to further proteolysis and toxic to genetically predisposed CD patients. To date, in silico analyses revealed the presence of more than 60 immunogenic oligopeptides from gluten of the Triticum species (37) . The length of these oligopeptides may vary from 7/9 to 91 amino acid residues, and the common feature is represented by the high number of glutamine and proline residues (Immune Epitope Database [IEDB] ). The most important example of such oligopeptides is the 33-mer epitope. The 33-mer epitope was identified as one of the main stimulators of the inflammatory response to gluten. This epitope was shown to be a potent inducer of gut-derived human T-cell lines in all 14 CD patients (35) .
A strict, lifelong gluten-free diet is the only accepted treatment for CD. Nevertheless, complete exclusion of dietary gluten is difficult due to the ubiquitous nature of this protein, cross-contamination of foods, inadequate food labeling regulations, and social constraints. Furthermore, gluten-free food provides inadequate supply of fibers, minerals, and vitamins and excess calories in the diet and exhibits poor sensory properties (9, 24) . Alternative therapeutic options included the proposed oral supplementation with microbial oligopeptidases (8, 31, 42) . Recently, a new combination of enzymes, consisting of glutamine-specific endoprotease (EP-B2 from barley) and prolyl-endopeptidase (SC PEP from Sphingomonas capsulata), was investigated for the capacity to digest gluten under gastrointestinal conditions (22) . Another prolyl-endoprotease from Aspergillus niger (ANPEP) was selected for its stability at pH 2 and resistance to pepsin digestion (27, 39) . Unfortunately, to date, the medium-and long-term safety of oral administration of proteases for gluten degradation has not yet been demonstrated in CD patients.
Recently, it was shown that selected sourdough lactobacilli (12, 16, 17) , in combination with fungal proteases, decreased the residual concentration of gluten (Triticum aestivum flour) below 10 ppm during food fermentation (32) . Despite the extensive research carried out on T. aestivum, less attention has been paid to durum wheat flour from Triticum turgidum L. var. durum (18) . Durum wheat is an important food crop of the Mediterranean area, not only because of the large acreage but also for its importance in the human diet (20) . Durum wheat is largely used for making pasta, especially in the European and North American countries. Bread, burghul, couscous and frekeh are also manufactured with durum wheat in several countries. Currently, dietary recommendations from the USDA-HHS (U.S. Department of Agriculture-Health and Human Services) promote the consumption of pasta as the optimal source of complex carbohydrates and carotenoids (30) . Previously, it was shown that making pasta by T. durum wheat fermented by selected sourdough lactobacilli markedly decreased the toxicity of prolamin epitopes. Nevertheless, the concentration of gluten still remained above 1,000 ppm (18) .
This paper aimed at exploiting the potential of the new selected pool of sourdough lactobacilli (32) for the manufacture of gluten-free pasta (GFP) made of durum wheat semolina (DWS). The mechanism of hydrolysis of various Pro-rich immunogenic epitopes (containing high level of proline residues) by peptidases of sourdough lactobacilli was highlighted. Hydrolysis of gliadins and glutenins was determined by complementary electrophoresis, chromatography, and immunology analyses. Assays of cytokines IFN-␥ and interleukin 2 (IL-2) on duodenal biopsy specimens from CD patients were used to determine the toxicity of hydrolyzed gluten.
MATERIALS AND METHODS

Microorganisms and enzymes.
Lactobacillus sanfranciscensis 7A, LS3, LS10, LS19, LS23, LS38, and LS47, Lactobacillus alimentarius 15M, Lactobacillus brevis 14G, and Lactobacillus hilgardii 51B were selected on the basis of their peptidase activities, with particular reference to degradation of Pro-rich peptides (12, 16) . Previous studies (17, 32) showed that all the above strains were indispensable to obtain degradation of gluten to ca. 10 ppm. Strains were propagated for 24 h at 30°C in modified MRS broth (mMRS) (Oxoid, Basingstoke, Hampshire, United Kingdom), with the addition of fresh yeast extract (5%, vol/vol) and 28 mM maltose at a final pH of 5.6. When used for fermentation of durum wheat semolina, lactobacilli were cultivated until the late exponential phase of growth was reached (ca. 12 h). Fungal proteases from Aspergillus oryzae (500,000 hemoglobin units on the tyrosine basis/g) and Aspergillus niger (3,000 spectrophotometric acid protease units/g), routinely used as improvers in the bakery industry, were purchased from BIO-CAT Inc. (Troy, VA).
Durum wheat cultivars and milling. Eight Italian durum wheat cultivars (Arcangelo, Ciccio, Claudio, Colosseo, Duilio, Gargano, Simeto, and Svevo) were used. Samples were supplied by Divella S.p.A. (Rutigliano, Bari, Italy). Divella is the second largest producer of pasta in Italy. Cultivars were grown (year 2007) in the same location of the Apulia region (southern Italy) under the same agroecological conditions. The cultivar Ocotillo from Arizona (United States) was also used. Under industrial conditions (Divella S.p.A.), the grain was hand cleaned, conditioned to 15% moisture, and milled into DWS. The yield was ca. 55%. The particle size of DWS was determined according to Italian legislation methods (D.P.R. 09.02.2001). Protein analysis was carried out by the Kjeldhal method and expressed using the conversion factor N ϫ 5.7 (2) . All determinations were carried out on three different samples of DWS, and the values were averaged.
Fermentation of durum wheat semolina. Eighty grams of DWS and 320 g of tap water, containing ca. 5 ϫ 10 8 CFU/g (final cell density in the dough) of L. sanfranciscensis 7A, L. alimentarius 15M, L. brevis 14G, and L. hilgardii 51B and ca. 1 ϫ 10 9 CFU/g of L. sanfranciscensis LS3, LS10, LS19, LS23, LS38, and LS47 and 200 ppm of both fungal proteases were used to produce the fermented durum wheat semolina 1 (FDWS1). Fermented DWS2 (FDWS2) was the same as the FDWS1 formula with the addition of 400 ppm of both fungal proteases. Fermentation was conducted for 48 or 72 h (DSW1 and DSW2, respectively) at 37°C while the mixture was stirred (ca. 200 rpm). After fermentation, FDWS2 was subjected to spray drying to remove water, and the resulting hydrolyzed flour was further milled and used.
Extraction of proteins from durum what semolina and 2-DE. Before and after fermentation, DWS proteins were selectively extracted according to the method of Weiss et al. (46) . For immunological analysis, protein extraction was carried out directly with 60% ethanol to include both proteins and peptides that were hydro-alcoholically soluble (39) . An aliquot of dough (12.75 g) was diluted with 30 ml of ethanol (75%, vol/vol), stirred at 25°C for 2 h, and centrifuged at 20,000 ϫ g for 20 min. The supernatant contained albumins, globulins, and alcohol-soluble polypeptides. The protein concentration was determined by the Bradford method (6). Two-dimensional electrophoresis (2-DE) of ca. 30 g of proteins extracted from various fractions was carried out with the Immobilinepolyacrylamide system (16) . Gels were silver stained, and spot intensities were normalized by the method of Bini et al. (5) . Four gels from independent fermentations were analyzed.
Reversed-phase high-performance liquid chromatography (RP-HPLC) and amino acid analyses. Aliquots of 1 ml of the 60% ethanol extracts were mixed with 0.05% (vol/vol) trifluoroacetic acid (TFA) and centrifuged at 10,000 ϫ g for 10 min. The supernatant was filtered through a 0.22-m pore size filter and used for HPLC analysis with an Ä KTA purifier system (GE Healthcare) equipped with a UV detector operating at 214 nm using a reverse-phase C 18 XTerra column (Waters, Milford, MA). Total and individual free amino acids (FAA) were analyzed using a Biochrom 30 series amino acid analyzer (Biochrom Ltd., Cambridge Science Park, England) with a cation-exchange column (20-by 0.46-cm inner diameter) by the method of De Angelis et al. (12) .
Immunological analysis. Immunological analysis was carried out by using R5 antibody-based sandwich and competitive ELISA (R5-ELISA). The R5-ELISA (43) was carried out with the Transia plate detection kit according to the instructions of the manufacturer (Diffchamb, Västra Frölunda, Sweden).
Preparation of the cell cytoplasmic extract. To assay the cytoplasm peptidase activities, cultures of each strain from the late exponential phase of growth (ca. 3 ϫ 10 9 CFU/g) were used. This cell density corresponded to that found in sourdough during fermentation (17) . Aliquots (0.3 g [dry weight]) of washed cell pellets were resuspended in 50 mM Tris-HCl (pH 7.0), incubated at 30°C for 30 min, and centrifuged at 13,000 ϫ g for 10 min to remove loosely associated cell surface enzymes. The cytoplasmic extract was prepared by treatment with lysozyme in 50 mM Tris-HCl (pH 7.5) buffer containing 24% sucrose (10) at 37°C for 60 min while the mixture was stirred (ca. 160 rpm). Spheroplasts were resuspended in isotonic buffer and sonicated for 40 s at 16 A/s (Sony Prep model 150; Sanyo, United Kingdom). The cytoplasmic extract was concentrated 10-fold by freeze-drying (Edwards MOD E1PTB; Edwards, Milan, Italy), resuspended in 5 mM Tris-HCl (pH 7.0), and dialyzed for 24 h at 4°C.
Enzyme assays. The cytoplasmic extracts of the 10 lactobacilli were pooled and assayed using synthetic substrates. All of the synthetic substrates used were from Sigma Chemical Co (Milan, Italy). General aminopeptidase type N (EC 3.4.11.11; PepN), proline iminopeptidase (EC 3.4.11.9; PepI), X-prolyl dipeptidyl aminopeptidase (EC 3.4.14.5; PepX), endopeptidase (EC 3.4.23; PepO), and prolyl endopeptidyl peptidase (EC 3.4.21.26; PEP) activities were determined by the methods of Gobbetti et al. (23) and Rizzello et al. (32) , using Leu-p-nitroanilides (p-NA), Pro-p-NA, Gly-Pro-p-NA, and Gly-Pro-Ala, Z-Gly-Gly-Leu-p-NA, and Z-Gly-Pro-NH-trifluoromethylcoumarin (AMC) substrates, respectively. The assay mixture contained 900 l of 2.0 mM substrate in 0.05 M potassium phosphate buffer, pH 7.0, and 100 l of cytoplasmic extract. The mixture was incubated at 30°C for 1 h, and the absorbance was measured at 410 nm. The data were compared to standard curves set up by using p-nitroaniline (23) . One unit of activity was defined as the amount of enzyme required to liberate 1 mol of p-nitroaniline min Ϫ1 under the assay conditions. Peptidase activity on Z-Gly-Pro-AMC was determined by measuring the fluorescence at excitation and emission wavelengths of 400 and 505 nm, respectively. A unit of enzyme activity on Z-Gly-Pro-AMC substrate was the amount of enzyme that produced an increase in fluorescence of 0.1 min Ϫ1 . Tripeptidase (EC 3.4.11.4; PepT), dipeptidase (EC 3.4.13.11; PepV), prolidase (EC 3.4.13.9; PepQ), and prolinase (EC 3.4.13.8; PepR) activities were determined using Leu-Leu-Leu, Leu-Leu, Val-Pro, and Pro-Gly substrates, respec-
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on June 27, 2017 by guest http://aem.asm.org/ tively. Activities on tri-and dipeptides were determined by the Cd-ninhydrin method (23) . The assay conditions used were the same as those for p-nitroanilide substrates. One unit of activity was defined as the amount of enzyme required to liberate 1 M amino acid per min under the assay conditions. The data obtained were compared to standard curves set up by using leucine (23) . Partial purification of peptidases. After the pooled cytoplasmic extracts had been freeze-dried, they were resuspended in 0.05 M potassium phosphate buffer, pH 6.0, and applied for gel filtration into an FPLC (fast protein liquid chromatography) Superose 12 HR 10/30 column (Amersham Pharmacia Biotech, Milan, Italy). Elution with 0.05 M potassium phosphate buffer (pH 6.0) containing 0.15 M NaCl was at a flow rate of 18 ml/h. Active fractions were pooled, dialyzed, concentrated 10 times by freeze-drying, and subjected to further purification on an FPLC Mono-Q HR 5/5 column (Amersham Pharmacia Biotech). Elution with a linear NaCl gradient from 0 to 0.5 M in the same buffer was at a flow rate of 24 ml/h. Active fractions showing more than one peptidase activity were further purified using an FPLC Resource HIC column (Amersham Pharmacia Biotech). Proteins were eluted with a linear (NH 4 ) 2 SO 4 gradient (1.7 to 0 M) in 0.05 M potassium phosphate buffer, pH 7.5, at a flow rate of 60 ml/h. After purification, the concentration of proteins of each active fraction was estimated by the Bradford method (6) .
Hydrolysis of Pro-rich synthetic epitopes. Immunogenic epitopes corresponding to fragments 57-68 (35) were chemically synthesized by PolyPeptide Laboratories (Strasbourg, France) and used in this study. The hydrolysis of peptides was carried out using the partially purified peptidases (alone or in combination) which derived from the initial cell density of ca. 3 ϫ 10 9 CFU/g (protein concentration of ca. 1 g/ml). The mixture, containing 100 l of partially purified enzyme(s), 200 mM synthetic peptide, and 0.05% (wt/vol) NaN 3 in 1 ml of 50 mM phosphate buffer (pH 7.5) was incubated for 24 h at 37°C while being stirred (150 rpm). Hydrolysis of peptides was monitored searching for liberated peptides and FAA through HPLC analysis and by using an amino acid analyzer, respectively. Multidimensional liquid chromatography (MDLC) coupled with electrospray ionization (ESI)-ion trap mass spectrometry (MS) was used to complete or confirm the analysis. The HPLC apparatus consisted of an Ettan MDLC (GE Healthcare, Milan, Italy) equipped with a Zorbax 300 SD C 18 precolumn (5 by 0.3 mm) and a Thermo Electron BioBasic-8 column (150 by 0.18 mm). The MDLC was connected to a Finningan LCQ Deca XP Max ion trap mass spectrometer (ThermoElectron Co., San Jose, CA) through the nano-ESI interface. Aliquots of 10 l of each sample were injected. HPLC separation was carried out at a flow rate of 75 l/min by using a gradient elution with water (eluent A) and 84% acetonitrile (eluent B), both containing 0.1% (vol/vol) formic acid. The following program was used: 0% eluent B for 30 min; 0 to 100% (vol/vol) eluent B in 100 min, isocratic elution with 100% eluent B for 100 min, return to 0% eluent B in 5 min, and column reconditioning for 30 min. The flow rate at the nano-ESI source was 2.5 l/min. The LCQ spectrometer, completely controlled by the Xcalibur software (ThermoElectron), operated in the positive ion mode; MS chromatograms in the total ion current (m/z range, 50 to 2,000) and selected ion monitoring modes were recorded for each sample.
Gluten digestion using partially purified peptidases. The following reaction mixture was used: 80 g of DWS from Triticum turgidum L. var. durum cv. Arcangelo and 320 g of tap water, containing partially purified peptidases (protein concentration of ca. 1 g/ml) and 400 ppm of both fungal proteases. To allow the hydrolysis of durum wheat gluten, the dough was fermented for 72 h at 37°C while being stirred (ca. 200 rpm).
Pepsin-trypsin (PT) digestion. Sixty percent ethanol-soluble polypeptides and urea-dithiothreitol-soluble glutenins extracted from Triticum turgidum L. var. durum cv. Arcangelo DWS and related FDWS2 were subjected to sequential PT hydrolysis to simulate the in vivo digestion (11) . One hundred grams of each freeze-dried protein fraction was digested in 1 liter of 0.2 N HCl (pH 1.8) with 2 g of purified porcine gastric mucosa pepsin (2,500 to 3,500 units/mg; Sigma Chemical Co.) at 37°C for 2 h while being stirred (160 rpm). The resultant peptic digestion product was further digested by the addition of 2 g of purified porcine pancreas trypsin (13,700 units/mg; Sigma Chemical Co.) after pH adjustment to pH 8.0 with 2 N NaOH. The reaction mixture was incubated at 37°C for 4 h under stirred conditions (160 rpm). After digestion, PT digestion products were heated at 100°C for 30 min to inactivate enzymes and freeze-dried for further analysis.
Mucosal biopsy specimens and organ culture. Duodenal biopsy specimens were obtained from three CD patients on a gluten-free diet (age range, 19 to 30 years). All CD patients expressed the HLA-DQ2 phenotype. CD was diagnosed according to the criteria of the European Society for Pediatric Gastroenterology, Hepatology and Nutrition (19) . Immediately after excision, all biopsy specimens were placed in ice-chilled culture medium (RPMI 1640; Gibco-Invitrogen, United Kingdom) and brought to the laboratory within 30 min.
Duodenal biopsy specimens were cultured for 4 h using the organ culture method of Browing and Trier (7) . Briefly, biopsy specimens were orientated villous side up on a stainless steel mesh, positioned over the central well of an organ culture dish (Falcon). The well contained RPMI 1640 (Gibco-Invitrogen, United Kingdom) supplemented with 15% fetal calf serum (Gibco-Invitrogen, United Kingdom) and 1% penicillin/streptomycin solution (Gibco-Invitrogen, United Kingdom). Before the dishes were sealed and incubated at 37°C, they were placed in an anaerobic jar which was gassed with 95% O 2 and 5% CO 2 . Four biopsy specimens (ca. 3 mm 2 ) from each CD patient were cultured with the PT digestion product (5 mg/ml) of gliadin/glutenins from DWS of Triticum turgidum L. var. durum cv. Arcangelo, FDWS2 of cv. Arcangelo, or medium alone (negative control). The final volume of the assay was 1 ml.
RNA extraction and cDNA synthesis. Tissue samples were taken and stored in RNA Later (Qiagen GmbH, Germany) to preserve RNA. Total RNA was extracted from tissue using the RNeasy minikit (Qiagen GmbH) according to the manufacturer's instructions. The concentration of mRNA was estimated by UV absorbance at 260 nm. Aliquots of total RNA (500 ng) were reverse transcribed using random hexamers and the TaqMan reverse transcription reagents (Applied Biosystems, Monza, Italy) with 3.125 U/l of MultiScribe reverse transcriptase in a final volume of 50 l. Samples of cDNA were stored at Ϫ20°C.
Quantitative real-time PCR (RT-PCR) for IFN-␥ and IL-2 genes. RT-PCR was carried out in 96-well plates of the ABI Prism 7500HT fast sequence detection system (Applied Biosystems). Data collection and analyses were carried out using the machine software. TaqMan gene expression assay for IFN-␥ and IL-2 genes and Pre-Developed TaqMan assay for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (endogenous control) gene (Applied Biosystems) were used. Assays were carried out using 20ϫ mix of PCR primers and TaqMan minor groove binder 6-carboxyfluorescein (6-FAM) dye-labeled probes with a nonfluorescent quencher at the 3Ј end of the probe. Two-step reverse transcription-PCR was carried out using first-strand cDNA with a final concentration of 1ϫ TaqMan gene expression assay and 1ϫ TaqMan universal PCR master mix. The final reaction mixture volume was 25 l. Each sample was analyzed in triplicate, and all experiments were repeated twice. A no-template control (RNase-free water) was included on each plate. The thermal cycler conditions were 2 min hold at 50°C (UNG activation), 10 min hold at 95°C, followed by 40 cycles, with 1 cycle consisting of 15 s at 95°C and 1 min at 60°C. Initially, a standard curve and a validation experiment were carried out for each primer/probe set. Six serial dilutions (20 to 0.1 ng/l) of IFN-␥ cDNA or IL-2 cDNA were used as the template for each primer/probe set. The standard curve was generated by plotting the threshold cycle (C T ) values against the log of the amount of cDNA. The average value of the target gene was normalized using the GAPDH gene. A duodenal biopsy specimen from a healthy individual was used to calibrate all experiments.
IFN-␥ and IL-2 proteins secreted in the supernatant were quantified by ELISA in round-bottom plates (Tema Ricerca, Milan, Italy) according to the manufacturer's recommendations. 1.4 liters) . Two controls were also manufactured: (i) gluten-containing pasta (GCP), using unfermented DWS from cv. Arcangelo as the only ingredient; and (ii) gluten-free pasta (GFP) using pregelatinized native maize and pregelatinized rice. Doughs were extruded using a benchtop pasta maker (La Parmigiona s.r.l., Fidenza, Italy) to produce the Italian pasta type "sedani." Sedani were placed into pasta frames and allowed to dry for 24 h at 25°C.
Sensory analysis of cooked pasta. Sensory analysis of pasta was carried out after cooking sedani for 8 min, which was determined as the optimum cooking time. Sensory characteristics were evaluated by six trained panelists by the method of D'Egidio et al. (14) under test conditions of International Standard 7304 (25) . Stickiness (material adhering to the surface of cooked pasta), firmness (resistance to bite through the cooked pasta with the incisors), odor, and flavor were determined. These characteristics were evaluated by a score from 20 to 100 (25) , and each panelist analyzed the same sample twice. The scores for stickiness were assigned as follows: Ͻ20 Statistical analysis. All data were obtained from at least three replicates. The percentages were arcsine transformed for data analysis (47) . Analysis of variance (ANOVA) was carried out on transformed data, and the means were separated by Tukey's honestly significant difference (HSD) test using the statistical software program Statistica for Windows (Statistica 6.0 per Windows 1998) (StatSoft, Vigonza, Italy). Peptide profiles obtained in this study were analyzed by UNICORN 5.0 from GE Healthcare, followed by statistical analysis of the peak areas using Statistica 6.0 per Windows 1998.
RESULTS
Fermentation of durum wheat semolina (DWS).
The concentration of proteins and gluten of DWS from the nine cultivars of Triticum turgidum L. var. durum differed (from 11.5% Ϯ 0.07% to 14.8% Ϯ 0.05% and from 10.2% Ϯ 0.02% to 13.4% Ϯ 0.08% [wt/wt], respectively). Almost all gliadins had pI and molecular mass values distributed in the range of 4.2 to 9.0 and 18 to 94 kDa, respectively. The highest number of gliadin spots was found for cv. Ocotillo (70 spots), Arcangelo (61 spots), Ciccio (59 spots), Colosseo (58 spots), and Gargano (51 spots). Glutenin polypeptides were widespread with pI and molecular mass values of 3.8 to 8.9 and 15 to 94 kDa, respectively. The highest number of glutenin spots was found for cv. Svevo (200 spots), Ocotillo (179 spots), Colosseo (109 spots), and cultivars Claudio, Arcangelo, and Simeto (97 spots). 2-DE analyses of gliadin and glutenin polypeptides of DWS from the cv. Arcangelo are shown in Fig. 1A and C.
In a preliminary experiment, the fermentation of DSW was carried out according to the protocol of Rizzello et al. for Triticum aestivum flour (32) . As shown by R5-ELISA, the FDWS2] ), the residual concentration of gluten was always less than 20 ppm. Except for a few protein spots in the cv. Arcangelo (Fig. 1A and B) , all the other FDWS2 did not contain gliadin polypeptides detectable through 2-DE analysis. A few glutenin polypeptides persisted in all FDWS2, including cv. Arcangelo (Fig. 1C and D) . Ethanol-soluble peptides extracted from both DWS and FDWS2 were also quantified by RP-HPLC analysis ( Fig. 2A and B Since sourdough lactobacilli had the capacity to hydrolyze gluten from cultivars having proteomic differences and since the mechanism of hydrolysis of Pro-rich polypeptides is still unknown, the intracellular peptidase activities of sourdough lactobacilli were studied in depth.
Partial purification of peptidases. In a preliminary experiment, the pooled cytoplasmic extracts of the 10 lactobacilli were assayed using synthetic substrates. The following peptidase activities were found: 7.94 Ϯ 0.04 U for PepN, 2.80 Ϯ 0.01 U for PepI, 3.55 Ϯ 0.03 U for PepX, 5.37 Ϯ 0.02 U for PepO, 6.05 Ϯ 0.07 U for PEP, 16.74 Ϯ 0.21 U for PepT, 20.54 Ϯ 0.44 U for PepV, 23.10 Ϯ 0.89 U for PepQ, and 18.52 Ϯ 0.56 U for PepR. The peptidases contained in the pooled cytoplasmic extracts were partially purified using three chromatographic steps. After purification, active fractions contained only single enzyme activity.
Peptidase activities toward Pro-rich synthetic epitopes. The initial cell densities of the lactobacilli used to ferment DWS varied from 5 ϫ 10 8 to 1 ϫ 10 9 CFU/g. During fermentation, the cell densities of the various lactobacilli normalized to values of ca. 3 ϫ 10 9 to 5 ϫ 10 9 CFU/g (22) . Therefore, partially purified peptidases derived from the initial cell density of ca. 3 ϫ 10 9 CFU/g (protein concentration of ca. 1 g/ml) were used. PepN, PepI, PepX, PepO, PEP, PepT, PepV, PepQ, and PepR peptidases were singly incubated (24 h at 37°C) with the 33-mer epitope at a concentration of 200 mM. Hydrolysis was monitored by amino acid analyzer and RP-HPLC. Single peaks from RP-HPLC were analyzed by nano-ESI tandem mass spectrometry (nano-ESI-MS/MS). PepN liberated only leucine (L) from the NH 2 terminus of the 33-mer. No traces of proline (P) or other FAA were found (Table 1) . PepO cleaved the internal peptide bond Q2L with the liberation of four different peptides. Three of these peptides were immunogenic epitopes. FAA were not found. PEP hydrolyzed the internal peptide bond P2F and liberated two peptides. One of these two peptides was an immunogenic epitope. No hydrolysis of the 33-mer was found using the partially purified PepI, PepX, PepQ, PepT, PepV, PepQ, or PepR. Further, all combinations between purified peptidases were assayed for complementary hydrolysis ( Table 1 ). The combinations of PepN and PepI or PepN and PepX liberated only leucine (L) from the NH 2 terminus of the 33-mer. This was probably due to PepN activity. The combination of PepN and PepO hydrolyzed the 33-mer into four peptides (three of them were epitopes) and free leucine (L). PepN and PEP hydrolyzed the 33-mer into two peptides (both of them were epitopes) and free leucine (L). PepN together with PepT, PepV, PepQ, or PepR liberated only leucine (L). No complementary hydrolysis of the 33-mer was found when PepI was used together with PepO or PEP. Similar results were found using PepI with PepT, PepV, PepQ, or PepR. Complementary hydrolysis was found using PepX and PEP, PepX and PepO, PepO and PEP, or PepO and PepV. Nevertheless, only the combined activity of PepN, PepX and PepO or PepN, PepX, PepO and PEP resulted in the partial hydrolysis of the 33-mer without the generation of related immunogenic epitopes. To obtain the complete hydrolysis of the 33-mer into FAA, one of the following combination of peptidases had to be used: PepN, PepI, PepX, PepO, PEP, PepT, PepV, PepQ, and PepR or PepN, PepX, PepO, PEP, PepV, and PepQ (Table 1 and Fig. 3) . When subjected to the combined activity of PepN, PepX, PepO, PEP, PepT, PepV, and PepQ peptidases, the hydrolysis of the 33-mer was completed in 14 h. Based on the complementary enzyme activities, peptides were found in the interval from 1 to 12 h of incubation and only FAA were detectable after 14 h of incubation. Other synthetic immunogenic epitopes (37) , such as fragments 57-68 of ␣9-gliadin, 62-75 of A-gliadin, and 134-153 of ␥-gliadin were completely hydrolyzed to FAA (12 to 14 h) by the same combination of peptidases (data not shown). 
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Gluten digestion by partially purified peptidases. To assay the in situ detoxification of gliadin/glutenin epitopes, all partially purified PepN, PepI, PepX, PepO, PEP, PepT, PepV, PepQ, and PepR were pooled and used, instead of sourdough lactobacilli cells, during 72 h of fermentation of DSW (Triticum turgidum L. var. durum cv. Arcangelo). As in the formula of FDWS2, fungal proteases were also added to the reaction mixture. Pooled partially purified peptidases were used at the protein concentration of ca. 1 g/ml which approximately corresponded to that of ca. 3 ϫ 10 9 cells of lactobacilli per gram.
As estimated by R5-ELISA, the residual concentration of gluten was ca. 2 ppm. The RP-HPLC profile did not significantly (P Ͼ 0.05) differ from those found in FDWS2 (data not shown). No gliadin/glutenin epitopes were found at the lowest detectable concentration (20 ppm) by nano-ESI-MS/MS analysis. The lowest detectable concentration was estimated by injecting different concentrations (1 to 100 ppm) of the synthetic immunogenic peptide QLQPFPQPQLPY (fragment 57-68 of ␣9-gliadin) together with the sample containing gliadin/glutenin epitopes (32). b PepN, general aminopeptidase type N; PepI, proline iminopeptidase; PepX, X-prolyl dipeptidyl aminopeptidase; PepO, endopeptidase; PEP, prolyl endopeptidyl peptidase; PepT, tripeptidase; PepV, dipeptidase; PepQ, prolidase; PepR, prolinase.
c Peptides derived from the 33-mer epitope. For instance, PepO cleaved the internal peptide bond Q2L of the 33-mer epitope and liberated four different peptides, and three of these peptides were immunogenic epitopes. The combination of PepN and PepI or of PepN and PepX liberated only leucine (L) from the NH 2 terminus of the 33-mer epitope.
d The presumptive immunogenic epitope row shows the number position of the presumptive immunogenic epitopes that are contained in the native sequence of the 33-mer epitope (37) . The fragments are indicated by their number positions (e.g., ͓2-33͔ is the fragment containing positions 2 to 33 of the native sequence of the 33-mer epitope). Presumptive immunogenic epitopes may have the lowest size of 7/9 amino acid residues. When the size is 7 amino acid residues, epitopes should be contained in a larger fragment to be immunogenic (37) .
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Cytokine expression in duodenal biopsy specimens of CD patients. Sixty percent ethanol-soluble polypeptides and ureadithiothreitol-soluble glutenins were extracted from DWS and FDWS2 of Triticum turgidum L. var. durum cv. Arcangelo, subjected to PT digestion, pooled, and used to treat duodenal biopsy specimens from CD patients. The exposure of biopsy specimens to PT digestion products from DWS resulted in a significant (P Ͻ 0.05) increase in the production of IFN-␥ mRNA (Fig. 4A) . The release of IFN-␥ mRNA by biopsy specimens treated with the PT digestion product of FDWS2 did not significantly (P Ͼ 0.05) differ from that of the negative control (medium alone). Increased levels of IFN-␥ protein were found in the culture supernatant of all biopsy specimens. A good agreement was found between the proteins and the level of mRNA. The highest production of IFN-␥ proteins was found in biopsy specimens treated with PT digestion product from DWS (Fig. 4B) .
IL-2 expression in the culture supernatants was measured in duodenal biopsy specimens from CD patients after 4 h of , and interleukin 2 (IL-2) mRNA (C). RPMI, negative control (medium alone). GAPDH, glyceraldehyde-3-phosphate dehydrogenase (endogenous control). Data are the means plus standard deviations (error bars) from three independent fermentations using duodenal biopsy specimens from three CD patients.
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on June 27, 2017 by guest http://aem.asm.org/ stimulation with PT digestion products. Stimulated biopsy specimens produced significant levels of IL-2 mRNA in response to PT digestion products of DWS of Triticum turgidum L. var. durum cv. Arcangelo (Fig. 4C) . In contrast, no IL-2 mRNA overexpression was found following stimulation by the PT digestion products corresponding to FDWS2. Overexpression of IL-2 protein was found only in the supernatant of duodenal biopsy specimens from CD patients treated with PT digestion products of gliadins from DWS (data not shown). Sensory analysis of the cooked pastas. After the pastas were cooked for 8 min, fermented durum wheat pasta (FDWP), GCP, and GFP (sedani type) were subjected to sensory analysis by a trained panel ( Table 2 ). The scores for stickiness and firmness of FDWP were significantly (P Ͻ 0.05) lower than those found for GCP (68.3 Ϯ 6. 
DISCUSSION
Food-grade sourdough lactobacilli, as cell factories for multiple and complementary proteolytic enzymes, supplemented with fungal proteases, were previously proven to efficiently degrade the gluten of Triticum aestivum wheat flour (32) . The hydrolyzed wheat flour used for making sweet baked goods was tolerated by CD patients during daily administration (8 g of gluten equivalent) for 60 days (13) . Nevertheless, the efficiency of this biotechnology approach was not validated on durum wheat semolina, and especially, the mechanism of hydrolysis of the gluten immunogenic epitopes was still unknown. Nine cultivars of Triticum turgidum L. var. durum having large proteomic differences were subjected to gluten hydrolysis according to Rizzello et al. (32) with some modifications. Cultivars of durum wheat were more resistant to hydrolysis than T. aestivum and the modifications regarded the higher concentration of fungal proteases (400 ppm) and the longer time of fermentation (72 h). Under these conditions, gluten in all cultivars of durum wheat semolina was degraded to less than 20 ppm.
During food processing, an effective enzyme treatment for gluten detoxification has to degrade all or the major part of the gluten-derived immunogenic peptides. Highly antigenic gluten epitopes share a number of properties (35) . They are mainly located in Pro-rich regions of gliadins and occur within the sequence of long and multivalent peptides. Pro-rich peptides are protected from proteolysis by gastric, pancreatic, and intestinal brush border membrane enzymes. Most of the inflammatory epitopes are the preferred substrates for human transglutaminase 2 (TG2). DQ2 has the unique feature of enabling the molecules to bind and present Pro-rich peptides with glutamate residues to CD4 ϩ T cells of the intestinal mucosa (6). Recently, it was shown that endopeptidases derived from bacteria are useful to abolish the antigenicity of the 33-mer and other Pro-rich putative immunotoxic epitopes (L. Greco, M. Gobbetti, R. Auricchio, R. Di Mase, F. Paparo, R. Di Cagno, M. De Angelis, C. G. Rizzello, A. Cassone, G. Terrone, L. Timpone, M. D'Aniello, R. Troncone, and S. Auricchio, submitted for publication). Nevertheless, there are still problems with the delivery of endopeptidases, especially with efficient mixing with gluten and with their stability under acidic gastric conditions (36) . The use of microbial peptidases during food processing does not show the same problems. Lactobacilli possess a very complex peptidase system (for reviews, see references 4 and 33). Nevertheless, no unique strain may have the entire portfolio of peptidases needed for hydrolyzing all potential gluten polypeptides where Pro is located at the different positions (for a review, see reference 24) . Notwithstanding that cell autolysis may occur at some extent during dough mixing and sourdough fermentation, peptidases of sourdough lactobacilli are located in the cytoplasm. Previously, it was shown that the size of immunogenic oligopeptides was suitable for the bacterial transport system (32) . In vitro analysis revealed that the 33-mer was found in the cell cytoplasm of lactobacilli as soon as the incubation started. The cytoplasmic extracts of the 10 sourdough lactobacilli were pooled, and several peptidases were partially purified and used alone or in combination to hydrolyze the 33-mer epitope. At least three peptidases (PepN, PepX, and PepO) were needed to hydrolyze the 33-mer epitope without generation of derived immunogenic peptides. First, PepN, PepO, PEP, and PepX hydrolyzed the 33-mer to di-and tripeptides. Then, these peptides were further hydrolyzed by PepT, PepV, PepQ, and PepR, liberating only free amino acids as end products (4, 33) . The activity of only one (e.g., PepO) or two (e.g., PepN and PepO) peptidases liberated two or more epitopes, thus maintaining/increasing the toxicity of the native 33-mer. Only the complementary activities of most of the intracellular peptidases of the 10 sourdough lactobacilli guaranteed the complete hydrolysis of the 33-mer within 12 to 14 h of incubation. The same results were found using other synthetic epitopes. The complete hydrolysis of gluten was confirmed in situ. Fungal proteases and partially purified peptidases were used to hydrolyze durum wheat semolina. Partially purified peptidases were used at the concentration which approximately coincided with that contained in the lactobacilli during sourdough fermentation. Fungal proteases, routinely used as bakery improvers, are indispensable to start the primary proteolysis of gluten (32) . Polypeptides of intermediate dimensions (e.g., 4 to 40 amino acids), generated from the native proteins, are the substrates for secondary proteolysis by complementary peptidases of sourdough lactobacilli. According to this scheme, the hydrolyzed durum wheat semolina contained less than 20 ppm of residual gluten. The use of sourdough lactobacilli during food processing could be consid- ered the easiest and noninvasive way to eliminate gluten from wheat (13, 32) . In contrast, administration of peptidases with the meal actually enhanced the immunoresponse, exposing the small intestinal mucosa more rapidly to immunopeptides from fragmented gluten proteins (36) . After hydrolysis, some glutenin polypeptides persisted. Glutenins may contain sequences that activate T cells from the small intestine, thus resulting in the secretion of large amounts of IFN-␥ (39, 44) . High-molecular-mass glutenin subunits (HMM-GS) stimulate T-cell lines from some CD patients and exacerbate CD in vivo (15) . On the basis of these considerations, the diagnostic value of R5 antibody to detect toxic epitopes might be limited. In vitro assays are imposed to confirm the absence of toxicity (26) . The traditional approach consists of organ culture of treated CD intestinal biopsy specimens in the presence of gluten or gluten fractions (36) . As expected, the PT digestion products from durum wheat semolina (DWS) caused a marked increase of IFN-␥ (26) . IFN-␥ coordinates many aspects of the innate and adaptive immune responses, and it is the principal cytokine produced by ␣-␤ CD4 ϩ reactive T cells upon gluten activation (28, 39, 45) . The PT digestion products of fermented durum wheat semolina (FDWS2) induced IFN-␥ as the negative control. Similar results were found for the synthesis of IL-2.
The findings of this study provide evidence that the immunogenic sequences of gliadins/glutenins were not present in fermented durum wheat semolina which might be safely used for pasta making. Compared to pasta containing gluten (GCP), the cooking properties (stickiness and firmness) of the pasta made from the hydrolyzed semolina (FDWP) were obviously lower but still appreciable and preferable with respect to the conventional gluten-free pasta (GFP). Given the encouraging results of this study, further research should include a longterm in vivo challenge on CD patients.
